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In this study, the adsorption of synthetic landfill leachate onto four kinds of activated 
carbon has been investigated. From the equilibrium and kinetics experiments, it was 
observed that coal based PAC presented the highest organic pollutants removal 
efficiency (54%), followed by coal based GAC (50%), wood based GAC (33%) and 
wood based PAC (14%). The adsorption equilibrium of PAC and GAC was 
successfully predicted by Henry-Freundlich adsorption model whilst LDFA+Dual 
isotherm Kinetics model could describe well the batch adsorption kinetics. The 
flocculation and flocculation - adsorption experiments were also conducted. The 
results indicated that flocculation did not perform well on organics removal because 
of the dominance of low molecular weight organic compounds in synthetic landfill 
leachate. Consequently, flocculation as pretreatment to adsorption and a combination 
of flocculation-adsorption could not improve much the organic removal efficiency for 
the single adsorption process.   
 




One of the major pollution problems caused by the municipal solid waste (MSW) 
landfill is leachate, which results from the degradation of the organic fraction of the 
solid waste in combination with percolating rainwater. Generally, the landfill leachate 
contains the pollutants that can be divided into three groups: organic matter including 
dissolved organic matter and xenobiotic organic substances; inorganic matters, such 
as ammonia, nitrogen, phosphorus, sodium sulphate, iron chlorides; and heavy metals 
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(e.g. copper, iron, zinc, lead, manganese etc.) [1,2]. 
The characteristic of landfill leachate is various with different sites and environmental 
conditions because of the consequence of solid waste composition, age of the waste, 
operation of the landfill, hydrogeologic conditions in vicinity of the landfill site, rate 
of the water movement through the waste, landfill temperature, moisture content, pH, 
landfill chemical/biological activities and seasonal weather variations [2,3]. Generally, 
the raw landfill leachate presents very high ammonia nitrogen (2500-5000mg/L) and 
COD (5000-20000mg/L) which can contaminate ground water and surface water 
supply and threatens human health when it migrates from the landfill [4].  
 
Technologies developed for landfill leachate treatment can be classified as physical, 
chemical and biological which are usually applied as an integrated system because it 
is difficult to achieve the satisfying treatment efficiency by either one of technology 
alone [5]. As one of the major physical treatment technologies, activated carbon 
adsorption is widely employed for organic matter, ammonium and toxicity removal in 
landfill leachate treatment [6 - 9]. Furthermore, flocculation, as an effective chemical 
technology, has been applied as a useful pretreatment method for removing the non-
biodegradation organic compounds and heavy metals from fresh landfill leachate or as 
post treatment technology for stabilized leachate [10-13].   
 
The main objectives of this study are (i) to evaluate the typical single physico-
chemical process in synthetic landfill leachate treatment and their integration in terms 
of total organic carbon (TOC) removal and (ii) to develop the mathematical models to 




2.1.1 Synthetic landfill leachate used in the experiments 
 
The synthetic landfill leachate is representative of secondary treated landfill leachate. 
The average total organic carbon (TOC) concentration of the synthetic landfill 
leachate is about 110mg/L. The composition of synthetic landfill leachate used in the 
study is shown in Table1. 
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Table 1 Compositions of synthetic leachate    
2.1.2. Activated carbon types 
The studies were conducted with four kinds of activated carbons: wood based 
granular activated carbon (GAC), coal based GAC, wood based powdered activated 
carbon (PAC) and coal based PAC. The physical properties of these GAC and PAC 
are shown in Tables 2. 
 
Table 2 Characteristics of activated carbon used  
2.2 Experiments  
2.2.1 Adsorption equilibrium and kinetics experiments 
Four kinds of GAC and PAC adsorption capacity with synthetic landfill leachate were 
evaluated by equilibrium and kinetic adsorption. Equilibrium adsorption was 
described and predicted with Henry - Freundlich dual isotherm model. Linear driving 
force approximation (LDFA) model was used to evaluate kinetic adsorption. 
 
Equilibrium adsorption experiments were conducted at room temperature (25oC). 
Different doses of GAC or PAC were distributed into 250 mL flask containing 100ml 
synthetic landfill leachate. In order to avoid the influence of the light to adsorption, all 
flasks were covered by aluminum foil. All samples were shaken continuously for 72 
hours on a shaking table at speed 130 rpm. After 72 hours shaking, samples of 
synthetic landfill leachate were taken from all flasks and filtered through 0.45µm filter 
and then analyzed in terms of TOC. In the experiment of kinetics adsorption, GAC or 
PAC was distributed into 2 liters beaker filled with synthetic landfill leachate at three 
different concentrations. The solutions with activated carbon were mixed with 
mechanical stirrer at speed of 110rpm for 6 hours. During the kinetic experiment, 
samples were taken from these three beakers at different period time and filtered 
through 0.45µm filter before analyzing TOC.  
 
2.2.2 Flocculation experiments 
In the flocculation experiments, FeCl3 was used as flocculant to remove contaminants 
from synthetic landfill leachate. Different doses of FeCl3 were added into six beakers 
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of 1L volume with synthetic landfill leachate. The experiments were performed in a 
conventional jar-test apparatus and consisted of three subsequent stages: (i) the initial 
rapid mixing stage took place for 1minute at 100 rpm; (ii) the following slow mix 
stage for 30 minutes at 30 rpm; and (iii) the final settle stage lasted for another 30 
minutes. After the settling period, the supernatant was withdrawn from beaker and 
used for TOC and chemical oxygen demand (COD) analyses to decide the optimum 
dose of FeCl3. 
2.2.3 Flocculation as pretreatment to adsorption 
The experimental process was consisted of two stage: the first one is flocculation, the 
optimum dose of FeCl3 were added into three 2-L beakers with synthetic landfill 
leachate and the flocculation process is the same as that described in section2.2.2. The 
supernatant after the settlement was used as influent in the following adsorption stage. 
In the adsorption stage, the GAC or PAC was distributed into 2-L beakers with 1.5 L 
supernatant of flocculation at different concentrations, and the kinetics experiments 
were conducted as the demonstration in section 2.2.1. The treatability of this process 
was described by the removal efficiency of TOC.   
2.2.4 Flocculation-adsorption 
In the internal integration of flocculation into adsorption experiments, the optimum 
dose of FeCl3 and three different doses of activated carbon (PAC and GAC) were 
added into three 2L beakers with synthetic landfill leachate together and then the 
conventional jar-test was conducted. After the settling period, the supernatants were 
withdrawn from three beakers and analyzed TOC.  
2.3 Analysis 
TOC concentration of water sample was measured using Analytikjena Multi N/C 
2000 analyzer. 
 
3. Results and discussion 
3.1 Performance of adsorption 
a. Wood based GAC 
Figures 1(a) and 1(b) show the results of wood based GAC equilibrium and kinetics 
adsorption. As can be seen from the figures, the removal efficiency of TOC is the 
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function of GAC dosage. The wood based GAC could remove approximately 33% 
TOC at dose of 30g/L while only 15% TOC removal efficiency could be obtained at 
dose of 10g/L. For the results of kinetics experiment, TOC removal efficiency 
increased dramatically in the first 45mins and then it remained stable. In the other 
word, during the first 45 minutes, the available sites on the GAC surface for 
adsorption were abundant which resulted in the organic adsorption. When all the 
adsorption sites were occupied and the rate of adsorption and desorption were 
balanced, organic removal by GAC adsorption were constant.   
 
Figure 1(a) Equilibrium adsorption of wood based GAC (Average initial 
TOC=110mg/l, mixing rate=130rpm, contact time=72hrs) 
Figure 1(b) Kinetics adsorption of wood based GAC (Average initial TOC=110mg/l, 
mixing rate=110rpm, contact time=6hrs) 
 
b. Coal based GAC 
The results of coal based GAC adsorption equilibrium and kinetic are presented in 
Figures 2(a) and 2(b). As expected, higher coal based GAC dosage resulted in better 
organic adsorption due to larger GAC surface. For all the three different dosage 
investigated, organic matter in the synthetic landfill leachate was quickly adsorbed 
within the first 45mins, after that the adsorption and desorption achieved balance, the 
organic adsorption rate by coal based GAC remained almost constant.   
 
Figure 2(a) Equilibrium adsorption of coal based GAC (Average initial 
TOC=110mg/l, mixing rate=130rpm, contact time=72hrs) 
Figure 2(b) Kinetics adsorption of coal based GAC (Average initial TOC=110mg/l, 
mixing rate=110rpm, contact time=6hrs) 
 
c. Wood based PAC 
The removal of organic matter in terms of TOC by wood based PAC is shown in 
Figures 3(a) and 3 (b). The results indicated that the wood based PAC adsorption 
resulted in very low organic matter removal from synthetic landfill leachate (lower 
than 15% with all the concentration of wood based PAC). The poor performance of 
this kind of PAC suggested that this wood based PAC was not suitable to use in 




Figure 3(a) Equilibrium adsorption of wood based PAC (Average initial 
TOC=110mg/l, mixing rate=130rpm, contact time=72hrs) 
Figure 3(b) Kinetics adsorption of wood based PAC (Average initial TOC=110mg/l, 
mixing rate=110rpm, contact time=6hrs) 
 
d. Coal based PAC 
As can be see in Figures 4(a) and 4 (b), TOC removal by coal based PAC adsorption 
increased with the increase of PAC dosage as expected. A 30g/L dose of coal based 
PAC led to a very high amount of organic matter adsorption (approximately 54% TOC 
removal). Kinetics adsorption experimental results show that the removal of organic 
matter as the function of adsorption time. In the first 45 minutes, the coal based PAC 
adsorbed organic contaminants rapidly and then the organic removal stayed constant 
until 6hours.  
Figure 4(a) Equilibrium adsorption of coal based PAC (Average initial TOC=110mg/l, 
mixing rate=130rpm, contact time=72hrs) 
Figure 4(b) Kinetics adsorption of coal based PAC (Average initial TOC=110mg/l, 
mixing rate=110rpm, contact time=6hrs) 
 
Compared with the adsorption capability of PAC and GAC discussed above, it is 
observed that the coal based PAC is the adsorbent that achieved the best organic 
removal (54% TOC removal at dose of 30g/l), followed by coal based GAC and wool 
based GAC which only removed 50% and 33% organic matter at a dose of 30g/L, 
respectively (Figure 5). The wood based PAC is the one present the lowest removal 
capability for organic matter (less than 15% TOC removal) from synthetic landfill 
leachate. The results indicated that the organic removal efficiency is correspondent to 
the surface area of activated carbon. The coal based PAC has the largest surface area 
to adsorbed organic contaminants from synthetic landfill leachate, thus, it performed 
better TOC removal efficiency than other activated carbons. 
 
3.2 Performance of flocculation as pretreatment to adsorption 
Figures 6(a) (b) and (c) show the removal efficiency of organic matter from synthetic 
landfill leachate by using ferric chloride flocculation as pretreatment for activated 
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carbon adsorption. Although flocculation was used as pretreatment, compared with 
single activated carbon adsorption, the combined process did not perform much better 
removal efficiency of organic matter (average increasing of 4% for these three 
experiments). It can be explained as flocculation can effectively remove high 
molecular weight organic matters while most of organic compounds containing in the 
synthetic landfill leachate used are low in molecular weight (Acetic acid, 60.05g/mol; 
Propionic acid, 74.08g/mol; Butyric, 88.11g/mol), thus flocculation pretreatment is 
not very helpful in removing low molecular weight organic contaminants from 
synthetic landfill leachate. 
 
Figure 6(a) Flocculation as pretreatment to wood based GAC for TOC removal from 
landfill leachate (average initial TOC=110 mg/l, mixing rate=110 rpm, contact time = 
6 hrs) 
Figure 6(b) Flocculation as pretreatment to coal based GAC for TOC removal from 
landfill leachate (average initial TOC=110 mg/l, mixing rate=110 rpm, contact time = 
6 hrs) 
Figure 6(c) Flocculation as pretreatment to coal based PAC for TOC removal from 
landfill leachate (average initial TOC=110 mg/l, mixing rate=110 rpm, contact time = 
6 hrs) 
 
3.3 Performance of internal integration of flocculation into adsorption  
The preliminary testing on flocculation-adsorption experiments are presented in 
Figure 7. The results demonstrated that the TOC removal efficiency was quite low 
even lower than that by the adsorption process only. One of the main possible reasons 
for the poor performance of combined flocculation-adsorption is that compared with 
the adsorption normal mixing intensity (between 110 rpm and 130 rpm), the intensity 
of 30 rpm during the flocculation-adsorption process was not sufficient for activated 
carbon adsorption. In addition, the trial conditions (PAC and FeCl3) are not the 
optimum conditions. Further study is necessary to find out the possible and proper 
way to make this process work well for landfill leachate treatment. The performance 
comparison of different processes is shown in Table 3.   
 
Figure 7 Combination of flocculation-adsorption for TOC removal from landfill 
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leachate (rapid mixing gradient rate = 100 rpm, slow mixing gradient rate = 30 rpm, 
average initial TOC = 110mg/L) 
 
Table 3 Performance comparison of adsorption and integration of flocculation and 
adsorption 
3.4 Mathematical models  
3.4.1 Equilibrium modeling 
In this study, the Henry - Freundlich dual isotherm model was employed to describe 
and predict the GAC and PAC equilibrium adsorption. The Henry - Freundlich 






                  (Eq. 1) 
where q is the adsorbed amount (mg/g), eC  is the equilibrium organic concentration 
(mg/L), K , KF, n are Henry-Freundlich constants.  
 The equilibrium parameters obtained from simulation are presented in Table 4. 
 
Table 4 Henry-Freundlich dual isotherm constants (25oC) 
 
As can be seen in Figure 8, the model results indicated that Henry’s law fitted well the 
data in the region of Ce less than 80mg/L while the rest of region was successfully 
predicted by Freundlich model. Therefore, the combined model was able to apply for 
describing and simulating the results.  
 
Figure 8 Adsorption equilibrium of synthetic landfill leachate by four kinds of 
activated carbon with Henry - Freundlich dual model (25oC) 
 
3.4.2 Kinetics modeling 
The adsorption rate of adsorbate by activated carbon is linearly proportional to a 
driving force using the LDFA model, defined as the difference between the surface 
concentration and the average adsorbed-phase concentration. This model is very 
















        (Eq.2) 
Where R is radius of adsorbent (m), fk is overall mass transfer coefficient (m/s), pρ  is 
density of particle (kg/m3), ic is initial concentration of adsorbate in fluid phase(mg/l), 
sc is concentration of adsorbate in fluid phase at equilibrium (mg/l). 
Table 5 presents the kinetics constants of LDFA+Dual isotherm kinetics models for 
activated carbon adsorption. These values could be applied to predict the kinetic 
experimental data. Regardless of the amount of the adsorbents, kinetic constants had 
the same value with same concentration and temperature [15]. The kinetics adsorption 
experimental data of four kinds of activated carbon with synthetic landfill leachate 
were well fitted well to the LDFA +dual model (Figure 9 - 12).   
Table 5  LDFA+ Dual isotherm kinetics constants 
Figure 9  LDFA+Dual isotherm kinetics for TOC adsorption on coal-based GAC  
Figure 10 LDFA+Dual isotherm kinetics for TOC adsorption on wood-based GAC  
Figure 11 LDFA+Dual isotherm kinetics for TOC adsorption on coal-based PAC  




• Coal based PAC exhibited a highest organic matter removal rate (54%), 
followed by coal based GAC (50%) and wool based GAC (33%). The wood 
based PAC showed the lowest adsorption capacity on TOC removal from 
synthetic landfill leachate due to its smaller surface area. 
• Flocculation pretreatment was not effective in removing low molecular weight 
organic contaminants from synthetic landfill leachate. The combination of 
flocculation-adsorption did not perform well on organic matter removal from 
synthetic landfill leachate. 
• The GAC and PAC adsorption equilibrium with the synthetic landfill leachate 
fitted well with Henry - Freundlich adsorption model. The batch adsorption 
kinetics with organic matter was successfully predicted by LDFA & Dual 
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Table 1 Compositions of synthetic leachate 
    
Component Per liter 
Acetic acid 0.14ml 
Propionic acid 0.1ml 












Na2S•9H2O Titrate to Eh-120mv:-180mv 
NaOH  Trite to pH=5.8-6.0 
Trace metal solution(TMS) 0.02ml 
Tap Water  to make 1L 
  










96% H2SO4 1ml 































































mg/(g.min) 800 >1100 900 >1300 
Maximum Ash content  5% 10% 6% 12% 
Maximum Moisture 
content 5% 3% 5% 8% 
Surface Area (BET 
m2/g) >1100 >1100 882 >1300 
Type wood based coal based wood  based coal based 
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Table 3 Performance comparison of adsorption and integration of flocculation and 
adsorption 
 
TOC Removal Efficiency (%) 





of flocculation into 
adsorption process 
15 15 21 14 
20 25 28 22 Wood based GAC 30 33 36 26 
15 24 29 19 
20 37 40 27 Coal based GAC 
30 44 47 34 
15 36 41 32 
20 41 44 35 Coal based PAC  







































Table 4 Henry-Freundlich dual isotherm constants (25oC) 
 Coal-based PAC Coal-based GAC Wood-based GAC Wood-based PAC 
K 0.0390 0.0339  0.0136  0.0047 
kF 2.41E-22 2.42E-21 3.97E-21 8.1E-131 





















































Table 5  LDFA+ Dual isotherm kinetics constants 
 Coal-based PAC Coal-based GAC Wood-based GAC Wood-based PAC 
kf 8.0E-08 1.0E-06 1.1E-06 3.6E-06 






















































Figure 1(a) Equilibrium adsorption of wood based GAC (Average initial 



















































































Figure 1(b) Kinetics adsorption of wood based GAC (Average initial TOC=110mg/l, 





















































































Figure 2(a) Equilibrium adsorption of coal based GAC (Average initial 





















































































Figure 2(b) Kinetics adsorption of coal based GAC (Average initial TOC=110mg/l, 
























































































Figure 3(a) Equilibrium adsorption of wood based PAC (Average initial 

















































































Figure 3(b) Kinetics adsorption of wood based PAC (Average initial TOC=110mg/l, 























































































Figure 4(a) Equilibrium adsorption of coal based PAC (Average initial TOC=110mg/l, 






















































Figure 4(b) Kinetics adsorption of coal based PAC (Average initial TOC=110mg/l, 
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Figure 6(a) Flocculation as pretreatment to wood based GAC for TOC removal from 


























































































Figure 6(b) Flocculation as pretreatment to coal based GAC for TOC removal from 



















































































Figure 6(c) Flocculation as pretreatment to coal based PAC for TOC removal from 



















































































Figure 7 Combination of flocculation-adsorption for TOC removal from landfill 
leachate (rapid mixing gradient rate = 100 rpm, slow mixing gradient rate = 30 rpm, 
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Figure 8 Adsorption equilibrium of synthetic landfill leachate by four kinds of 
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Wood-based GAC = 10 g/L
Wood-based GAC = 20 g/L
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